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DESCRIPTION 

PROCESS FOR PRODUCING TRANSPARENT CONDUCTIVE FILM AND 
PROCESS FOR PRODUCING TANDEM THIN-FILM PHOTOELECTRIC 

CONVERTER 

Technical Field 

The present invention relates to a method for making a 
transparent conductive film which contains zinc oxide as a 
main component and which has high transmittance, low 
resistivity, and excellent surface morphology, and a method 
for making a tandem thin-film photoelectric converter 
including the method for making the transparent conductive 
film. 

Background Art 

Transparent conductive films have been used for 
transparent electrodes for various light-receiving devices, 
such as photoelectric converters, e.g., solar cells, and 
display devices, such as liquid crystal displays, PDPs, and 
EL displays, and recently, the importance thereof has been 
increasing. 

Above all, transparent conductive films used for solar 
cells are required to have high transparency and 
conductivity, and surface unevenness for effectively 
utilizing light. Known examples of such transparent 
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conductive films include films made of indium oxide (In203) 
to which a small amount of tin has been added (hereinafter, 
such addition is also referred to as "doping"; and the 
substance which has been added in a small amount may be 
referred to as a "dopant"), films made of tin oxide (Sn02) 
doped with antimony or fluorine to achieve desired 
conductivity characteristics, and films made of zinc oxide 
(ZnO) . 

Indium oxide (hereinafter referred to as "ITO") films 
have high conductivity and have been widely used. However, 
indium (In), i.e., the raw material, is a rare metal and 
produced in low volume. Therefore, if the demand for 
transparent conductive films increases, there will be a 
difficulty in supplying In stably. Moreover, the reduction 
in cost is limited because In is expensive. Sn02 is more 
inexpensive than ITO, and since Sn02 has a low free electron 
concentration, it is possible to obtain films with high 
transmittance. However, Sn02 has drawbacks in that it has 
low conductivity and low plasma durability. 

In contrast, zinc is abundantly available and is also 
inexpensive as a source material. Zinc oxide films have 
characteristics, such as high plasma durability and high 
transmittance for long-wavelength light because of high 
mobility. Therefore, zinc oxide is also suitable for use in 
transparent conductive films for solar cells, and 
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development of transparent conductive films containing zinc 
oxide, as an alternative material to ITO or Sn02f as a main 
component has been proceeding. 

Zinc oxide films are formed mainly by sputtering or CVD. 
With respect to sputtering, it is relatively difficult to 
control resistivity, transmittance, and film surface 
morphology. Furthermore, sputtering systems are expensive, 
resulting in an increase in manufacturing cost. With 
respect to CVD, films with high transmittance can be easily 
obtained, and also film surface morphology can be easily 
controlled. CVD systems are less expensive than sputtering 
systems . 

Patent Document 1 discloses a method for forming a zinc 
oxide film using CVD, in which as a dilution gas used during 
introduction of an organozinc compound or an oxidizing agent 
into a deposition chamber, Ar, He, or N2 is used. In the 
disclosed technique, Ar and He are expensive, resulting in 
an increase in manufacturing cost. 

[Patent Document 1] Japanese Examined Patent 
Application Publication No. 6-82665 

Disclosure of Invention 

[Problems to be Solved by the Invention] 

The present invention has been achieved to overcome the 

drawback associated with the prior art in that the dilution 
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gas is expensive. It is an object of the present invention 
to provide a method for making a transparent conductive film, 
which contains zinc oxide as a main component and which has 
high transmittance, low resistivity, and excellent surface 
morphology, highly uniformly and simply, and it is another 
object of the present invention to provide a method for 
making a tandem thin-film photoelectric converter including 
the method for making the transparent conductive film. 
[Means for Solving the Problems] 

According to the present invention, a method for making 
a transparent conductive film includes introducing an 
organozinc compound, a dilution gas, and an oxidizing agent 
into a deposition chamber to form a transparent conductive 
film containing zinc oxide as a main component on a 
substrate disposed in the deposition chamber, wherein the 
dilution gas is hydrogen. Since hydrogen has high thermal 
conductivity and is inexpensive, it is possible to provide a 
transparent conductive film having excellent characteristics 
with low cost. 

The organozinc compound is preferably diethylzinc. 
Since diethylzinc is highly reactive with the oxidizing 
agent, the deposition efficiency is improved. 

The oxidizing agent is preferably water. Since water 
is highly diffusible and highly reactive with the organozinc 
compound, the deposition efficiency is improved. 
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Preferably, a Group III element-containing compound is 
introduced into the deposition chamber so that the 
transparent conductive film containing zinc oxide as the 
main component doped with a small amount of the group III 
element is formed on the substrate. Since a transparent 
conductive film with low resistivity can be formed, the 
efficiency of the resulting thin-film photoelectric 
converter is improved. 

In particular, the Group III element-containing 
compound is more preferably at least one of diborane (B2Hg) 
and trimethylaluminum ((CH3)3A1). Since the decomposition 
efficiency of such a compound is high, the transparent 
conductive film is easily doped with the Group III element. 

A method for making a tandem thin-film photoelectric 
converter including a transparent electrode layer, at least 
one amorphous silicon photoelectric conversion unit, at 
least one crystalline silicon photoelectric conversion unit, 
and a back electrode layer stacked in that order on a 
transparent insulating substrate, wherein a step of forming 
the back electrode layer is preferably carried out using the 
method for making the transparent conductive film described 
above, the transparent insulating substrate being used as 
the substrate. Since the back electrode layer is formed 
without damaging the photoelectric conversion units, the 
efficiency of the thin-film photoelectric converter is 
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improved. 

A method for making a tandem thin-film photoelectric 
converter including a transparent electrode layer, at least 
one amorphous silicon photoelectric conversion unit, at 
least one crystalline silicon photoelectric conversion unit, 
and a back electrode layer stacked in that order on a 
transparent insulating substrate, wherein a step of forming 
the transparent electrode layer is preferably carried out 
using the method for making the transparent conductive film 
described above, the transparent insulating substrate being 
used as the substrate. Since fine unevenness can be easily 
provided on the surface of the transparent conductive film, 
the power generation efficiency is improved by the light 
trapping effect due to scattering of light. 
[Advantages] 

A method for making a transparent conductive film 
according to the present invention includes introducing an 
organozinc compound, a dilution gas, and an oxidizing agent 
into a deposition chamber to form a transparent conductive 
film containing zinc oxide as a main component on a 
substrate disposed in the deposition chamber. By using 
hydrogen as the dilution gas, it is possible to provide a 
transparent conductive film having excellent characteristics 
with low cost because hydrogen has high thermal conductivity 
and is an inexpensive gas. 
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Brief Description of the Drawings 

Fig. 1 is a schematic cross-sectional view which shows 
a lamination structure of an exemplary tandem thin-film 
photoelectric converter . 
Reference Numerals 

10 transparent insulating substrate 

11 transparent electrode layer 

20 amorphous silicon photoelectric conversion unit 

21 p-type layer 

22 i-type layer 

23 n-type layer 

30 crystalline silicon photoelectric conversion unit 

31 p-type layer 

32 i-type layer 

33 n-type layer 

40 back electrode layer 

41 zinc oxide layer 

42 Ag layer 

Best Mode for Carrying Out the Invention 

The present inventors attempted to form transparent 
conductive films using N2 and others as the dilution gases 
as in the prior art described above. As a result, due to 
relatively small thermal conductivities of these gases or 
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for other reasons, a long soaking time was required until 
the surface temperature of the substrate was stabilized. 
Consequently, the uniformity in temperature distribution in 
the substrate was poor during deposition, and the in-plane 
uniformity in the film properties of the resulting 
transparent conductive films was poor. The present 
invention has been achieved based on such findings. 

In a method for forming a zinc oxide film according to 
the present invention, an organozinc compound, a dilution 
gas, and an oxidizing agent are introduced into a deposition 
chamber in which a substrate is disposed. Desirably, the 
substrate is maintained at 50 °C to 300 ""C, preferably at 
lOO^C to 200°C. 

Any substrate that is not deformed or altered in 
properties at the temperatures described above may be used. 
Examples of the material for the substrate include metals, 
glass plates, and plastics. When a thin-film photoelectric 
converter is formed on a substrate in which light enters 
from the substrate side, the substrate is preferably 
composed of a light-transmissive glass plate or plastic. 

The organozinc compound is a divalent organometallic 
compound containing zinc bound to an organic group. Since 
the organozinc compound is usually in a liquid state at room 
temperature and normal pressure, the organozinc compound is 
vaporized by heating before introduction into the deposition 
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chamber. Alternatively, a dilution gas may be injected into 
the organozinc compound, and the organozinc compound in an 
amount corresponding to the vapor pressure may be introduced 
into the deposition chamber together with the dilution gas. 

As the organozinc compound, preferably, a compound 
represented by R2Zn (wherein R is an organic group) is used 
in view of high reactivity with the oxidizing agent. 
Examples of the organic group include an alky group, an 
alkenyl group, and an alkynyl group. Among them, the alkyl 
group is preferable because of its high reactivity and 
inexpensiveness . In particular, a methyl group or an ethyl 
group is preferable in view of versatility and ease of 
procurement of raw materials. 

The oxidizing agent is oxygen itself or any substance 
that has an oxygen atom in its molecule and reacts with an 
organometallic compound to generate a metal oxide. 
Oxidizing agents which may be used in the present invention 
include those which are in a liquid state at room 
temperature and normal pressure. In such a case, the 
oxidizing agent is vaporized by heating before introduction 
into the deposition chamber. Alternatively, a dilution gas 
may be injected into the oxidizing agent, and the oxidizing 
agent in an amount corresponding to the vapor pressure may 
be introduced into the deposition chamber together with the 
dilution gas. Examples of the oxidizing agent include water. 
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oxygen, ozone, alcohols, aldehydes, and ketones. Preferably, 
the oxidizing agent is water because of its high reactivity 
with the organozinc compound and its good diffusivity in a 
gaseous state. 

As the dilution gas, a dilution gas that is inert 
against the organozinc compound and the oxidizing agent is 
used. The dilution gas dilutes the organozinc compound and 
the oxidizing agent to control their reactivities, and also 
enhances the diffusivity of the source gas in the deposition 
chamber to improve the uniformity of deposition. In the 
present invention, as the dilution gas, use of hydrogen 
instead of an inert gas, such as argon, helium, or nitrogen, 
is important in forming a high-quality zinc oxide film. 

The film resistivity of the transparent conductive film 
containing zinc oxide as a main component, which is formed 
by the method according to the present invention, can be 
controlled by adding a dopant comprising a Group III element 
into the film. The dopant comprising a Group III element 
means a hydrogen compound or organic compound of a Group III 
element. For example, when boron is used as a dopant, 
diborane is used as the compound comprising the Group III 
element. Alternatively, an organic borane compound may be 
used. In particular, trimethylborane or triethylborane is 
preferable in view of high doping efficiency. When aluminum 
is used as a dopant, an organoaluminum compound is used as 
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the compound comprising the Group III element. In 
particular, trimethylalixminum or triethylaluminum is 
preferable in view of high doping efficiency. Furthermore, 
gallium may be used as a dopant. 

The deposition chamber is provided with a heater for 
regulating the temperature of the substrate, a gas inlet, an 
exhaust valve, etc. In order to obtain a uniform film 
having satisfactory properties, the pressure in the 
deposition chamber is maintained at 0.01 to 3 Torr, and 
preferably at 0.1 to 1 Torr. The pressure in the deposition 
chamber is controlled by the exhaust valve connected to the 
deposition chamber or by the amount of hydrogen serving as 
the dilution gas - 

Fig. 1 shows an exemplary tandem thin-film 
photoelectric converter to which the method for making the 
transparent conductive film according to the present 
invention is applied. With reference to Fig. 1, the 
corresponding tandem thin-film photoelectric converter will 
be described. The tandem thin-film photoelectric converter 
shown in Fig. 1 is a silicon-based hybrid thin-film solar 
cell including an amorphous silicon photoelectric conversion 
unit and a crystalline silicon photoelectric conversion unit, 
and can be fabricated by the method described below. 

First, a transparent electrode layer 11 composed of a 
transparent conductive film is formed on a transparent 
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insulating substrate 10. The transparent insulating 
substrate 10 is preferably composed of a light-transmissive 
glass plate or plastic because it is placed on the light 
incidence side. As the transparent electrode layer, zinc 
oxide, tin oxide, or the like can be used. Preferably, a 
transparent conductive film containing zinc oxide as a main 
component is used. The reason for this is that fine 
unevenness having the light trapping effect can be easily 
provided on the surface of the zinc oxide film even at a low 
temperature of 200 °C or less, and zinc oxide is a material 
having high plasma durability. Subsequently, an amorphous 
silicon photoelectric conversion unit 20 is formed on the 
transparent electrode layer 11 by plasma CVD. The amorphous 
silicon photoelectric conversion unit 20 includes a p-type 
layer 21, an i-type layer 22, and an n-type layer 23. The 
amorphous silicon photoelectric conversion unit 20 is 
composed of an amorphous silicon-based material that is 
sensitive to light with a wavelength of about 360 to 800 nm. 

Subsequently, a crystalline silicon photoelectric 
conversion unit 30 is formed on the amorphous silicon 
photoelectric conversion unit 20 by plasma CVD. The 
crystalline silicon photoelectric conversion unit 30 
includes a p-type layer 31, an i-type layer 32, and an n- 
type layer 33. The crystalline silicon photoelectric 
conversion unit 30 is composed of crystalline silicon-based 
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material that is sensitive to light with a wavelength of 
about 500 to 1,200 nm. By stacking these two units, it is 
possible to effectively utilize light with a wide range of 
wavelengths. Furthermore, a back electrode layer 40 is 
formed on the crystalline silicon photoelectric conversion 
unit 30. The back electrode layer 40 includes a zinc oxide 
layer 41 and an Ag layer 42. The zinc oxide layer 41 is 
formed by sputtering or CVD. From the standpoint of 
reducing electrical damage to the silicon layer, the zinc 
oxide layer 41 is preferably formed by CVD. The Ag layer 42 
can be formed by sputtering, vapor deposition, or the like. 

The resistivity, thickness, transmittance, and haze 
ratio of the film containing zinc oxide as a main component 
formed in each example described below were respectively 
measured using a resistivity meter, an ellipsometer, a 
spectrophotometer, and a hazemeter. The haze ratio is 
determined by the following formula: (scattered light 
transmittance) / (total light transmittance) x 100, and is 
measured by a method according to JIS K7136. 

As specific examples of the embodiment described above, 
some examples will be described below together with 
comparative examples . 

(Comparative Example 1) 

In Comparative Example 1, as a transparent conductive 
film, a zinc oxide film was formed on a transparent 
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insulating substrate, and evaluation was performed. First, 
a glass substrate, i.e., the transparent insulating 
substrate, was carried in a deposition chamber, and the 
temperature of the substrate was increased to and maintained 
at ISCC. A mixed gas of 600 seem of argon as a dilution 
gas and 100 seem of vaporized water was introduced into the 
deposition chamber, and subsequently, introduction of 50 
seem of vaporized diethylzinc was started. The pressure in 
the deposition chamber was set at 1 Torr by adjusting the 
valve. Under such conditions, the zinc oxide film was 
deposited so as to have a thickness of 60 nm. The thickness 
was measured using an ellipsometer . The transmittance of 
the resulting zinc oxide film along with the glass substrate 
was measured using a spectrophotometer. As a result, the 
transmittance at a wavelength of 1,000 nm was 89%. 
(Example 1) 

In Example 1, as a transparent conductive film, a zinc 
oxide film was formed on a glass substrate as in Comparative 
Example 1 except that hydrogen was used as the dilution gas 
instead of argon. 

A mixed gas of 1,500 seem of hydrogen and 100 seem of 
vaporized water was first introduced into the deposition 
chamber, and then 50 seem of vaporized diethylzinc was 
introduced into the deposition chamber. The pressure in the 
deposition chamber was set at 1 Torr by adjusting the valve. 
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Under such conditions, the zinc oxide film was deposited so 
as to have a thickness of 60 niu. The transmittance was 
measured using a spectrophotometer as in Comparative Example 
1. As a result, the transmittance at a wavelength of 1,000 
nm was 91%. As is evident from comparison of Comparative 
Example 1 with Example 1, the transmittance is improved in 
Example 1 . 

(Comparative Example 2) 

In Comparative Example 2, as a transparent conductive 
film, a zinc oxide film was formed on a glass substrate, and 
evaluation was performed. First, a glass substrate was 
carried in a deposition chamber, and the temperature of the 
substrate was increased to and maintained at 150 °C. A mixed 
gas of 700 seem of argon gas containing diborane that had 
been diluted to 5,000 ppm with argon and 100 seem of 
vaporized water was introduced into the deposition chamber, 
and subsequently, introduction of 50 seem of vaporized 
diethylzinc was started. The pressure in the deposition 
chamber was set at 1 Torr by adjusting the valve. Under 
such conditions, the zinc oxide film was deposited so as to 
have a thickness of 1.5 ^im. The thickness was measured 
using an ellipsometer . The resistivity, haze ratio, and 
transmittance of the resulting zinc oxide film were 
respectively measured using a resistivity meter, a hazemeter, 
and a spectrophotometer. As a result, the resistivity was 3 
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X 10-3 Q-cm, the haze ratio was 19%^ and the transmittance 
at a wavelength of 1,000 nm was 76%. 
(Example 2) 

In Example 2, as a transparent conductive film, a zinc 
oxide film was formed on a glass substrate and evaluation 
was performed as in Comparative Example 2 except that 
hydrogen was used instead of argon. 

A mixed gas of 1,500 seem of argon gas containing 
diborane that had been diluted to 5,000 ppm with argon and 
100 seem of vaporized water was introduced into the 
deposition chamber, and subsequently, introduction of 50 
seem of vaporized diethylzinc was started. Furthermore, the 
pressure in the deposition chamber was set at 1 Torr by 
adjusting the valve. Under such conditions, the zinc oxide 
film was deposited so as to have a thickness of 1.5 jam. As 
in Comparative Example 2, the resistivity, haze ratio, and 
transmittance of the resulting zinc oxide film were 
respectively measured using a resistivity meter, a hazemeter, 
and a spectrophotometer. As a result, the resistivity was 9 
X 10"^ Q-cm, the haze ratio was 20%, and the transmittance 
at a wavelength of 1,000 nm was 81%. 

As is evident from comparison of Comparative Example 2 
with Example 2, the resistivity is decreased and the 
transmittance is improved in Example 2. Although the 
reasons for this are uncertain, the zinc oxide film with low 
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resistivity and high transmittance is believed to have been 
obtained because boron serving as the dopant is activated 
more efficiently and the excessive amount of oxygen present 
in the grain boundaries is decreased by the deposition in a 
hydrogen atmosphere compared with the deposition in an argon 
atmosphere, and for other reasons. 
(Comparative Example 3) 

In Comparative Example 3, a tandem thin-film 
photoelectric converter corresponding to Fig. 1 was 
fabricated. 

First, a transparent electrode layer 11 comprising a 
transparent conductive film made of tin oxide was formed on 
a transparent insulating substrate 10. Subsequently, an 
amorphous silicon photoelectric conversion unit 20 with a 
thickness of about 300 nm was formed by plasma CVD on the 
transparent electrode layer 11. The amorphous silicon 
photoelectric conversion unit 20 included a p-type layer 21, 
an i-type layer 22, and an n-type layer 23. The thickness 
of each of the p-type layer 21 and the n-type layer 23 was 
set at 10 nm. 

Subsequently, a crystalline silicon photoelectric 
conversion unit 30 with a thickness of about 1.4 join was 
formed by plasma CVD on the amorphous silicon photoelectric 
conversion unit 20. The crystalline silicon photoelectric 
conversion unit 30 included a p-type layer 31, an i-type 
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layer 32, and an n-type layer 33, The thickness of each of 
the p-type layer 31 and the n-type layer 33 was set at 10 nm. 

Furthermore, a back electrode layer 40 was formed on 
the crystalline silicon photoelectric conversion unit 30. 
The back electrode layer 40 included a zinc oxide layer 41 
and an Ag layer 42. The zinc oxide layer 41 with a 
thickness of 60 nm was formed under the conditions shown in 
Comparative Example 1. The Ag layer 42 with a thickness of 
200 nm was formed by sputtering on the zinc oxide layer 41. 

The tandem thin-film photoelectric converter thus 
obtained was irradiated with light of AM 1.5 at a light 
intensity of 100 mW/cm^, and the output characteristics at 
25°C were measured. The open-circuit voltage was 1.33 V, 
the short-circuit current density was 11.9 mA/cm^, the fill 
factor was 72.0%, and the conversion efficiency was 11.4%. 

(Example 3) 

In Example 3, a tandem thin-film solar cell shown in 
Fig. 1 was fabricated as in Comparative Example 3 except 
that the zinc oxide layer 41 was deposited under different 
conditions. The zinc oxide layer 41 was deposited under the 
same conditions as those shown in Example 1. The output 
characteristics of the tandem thin-film solar cell thus 
formed in Example 3 were measured under the same conditions 
as those in Comparative Example 3. The open-circuit voltage 
was 1.35 V, the short-circuit current density was 12.4 



- 19 - 



mA/cm2, the fill factor was 71%, and the conversion 
efficiency was 11.9%. The performance is improved as 
compared to Comparison Example 3. 

Although the reasons for this are uncertain, it is 
believed that electrical and optical characteristics of the 
zinc oxide layer itself are improved and that since the 
surface of the n-type layer 33 of the crystalline silicon 
photoelectric conversion unit is exposed to a hydrogen 
atmosphere, the interface between the n-type layer 33 and 
the zinc oxide layer 41 is cleaned, and thus the 
characteristics are improved. 

(Comparative Example 4) 

In Comparative Example 4, a tandem thin-film 
photoelectric converter corresponding to Fig. 1 was 
fabricated. 

First, a transparent electrode layer 11 comprising a 
zinc oxide film was formed on a transparent insulating 
substrate 10. The transparent electrode layer 11 was 
deposited under the same deposition conditions as those in 
Comparative Example 2 . 

Subsequently, an amorphous silicon photoelectric 
conversion unit 20 with a thickness of about 330 nm was 
formed by plasma CVD on the transparent electrode layer 11. 
The amorphous silicon photoelectric conversion unit 22 
included a p-type layer 22, an i-type layer 22, and an n- 
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type layer 23. The thickness of each of the p-type layer 21 
and the n-type layer 22 was set at 10 nm. 

Furthermore, a crystalline silicon photoelectric 
conversion unit 30 with a thickness of about 1.65 ^im was 
formed by plasma CVD on the amorphous silicon photoelectric 
conversion unit 20. The crystalline silicon photoelectric 
conversion unit 30 included a p-type layer 31, an i-type 
layer 32, and an n-type layer 33. The thickness of each of 
the p-type layer 31 and the n-type layer 33 was set at 10 nm. 

Subsequently, a back electrode layer 40 was formed on 
the crystalline silicon photoelectric conversion unit 30. 
The back electrode layer 40 included a zinc oxide layer 41 
and an Ag layer 42. The zinc oxide layer 441 with a 
thickness of 60 nm was formed by sputtering. The Ag layer 
42 with a thickness of 200 nm was formed by sputtering on 
the zinc oxide layer 41. 

The tandem thin-film photoelectric converter thus 
obtained was irradiated with light of AM 1.5 at a light 
intensity of 100 mW/cm^, and the output characteristics were 
measured. The open-circuit voltage was 1.30 V, the short- 
circuit current density was 12.4 mA/cm^, the fill factor was 
70.0%, and the conversion efficiency was 11.3%. 

(Example 4) 

In Example 4, a tandem thin-film solar cell shown in 
Fig. 1 was fabricated as in Comparative Example 4 except 
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that the zinc oxide layer 11 was deposited under different 
conditions. The zinc oxide layer 11 was deposited under the 
same conditions as those shown in Example 2. The output 
characteristics of the tandem thin-film solar cell thus 
formed in Example 4 were measured under the same conditions 
as those in Comparative Example 3. The open-circuit voltage 
was 1.30 V, the short-circuit current density was 12.6 
mA/cm2, the fill factor was 71%, and the conversion 
efficiency was 11.5%. The performance is improved as 
compared to Comparison Example 4 . 



